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Mars Exploration Rovers (MERs) experienced mobility problems during traverses. Three-dimensional discrete element method
(DEM) simulations of MER wheel mobility tests for wheel slips of i = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 0.99 were done to examine high wheel
slip mobility to improve the ARTEMIS MER traverse planning tool. Simulations of wheel drawbar pull and sinkage MIT data for
i 6 0.5 were used to determine DEM particle packing density (0.62) and contact friction (0.8) to represent the simulant used in mobility
tests. The DEM simulations are in good agreement with MIT data for i = 0.5 and 0.7, with reasonable but less agreement at lower wheel
slip. Three mobility stages include low slip (i < 0.3) controlled by soil strength, intermediate slip (i  0.3–0.6) controlled by residual soil
strength, and high slip (i > 0.6) controlled by residual soil strength and wheel sinkage depth. Equilibrium sinkage occurred for i < 0.9, but
continuously increased for i = 0.99. Improved DEM simulation accuracy of low-slip mobility can be achieved using polyhedral particles,
rather than tri-sphere particles, to represent soil. The DEM simulations of MER wheel mobility can improve ARTEMIS accuracy.
 2015 The Authors. Published by Elsevier Ltd. on behalf of ISTVS. This is an open access article under the CCBY-NC-SA license (http://
creativecommons.org/licenses/by-nc-sa/4.0/).
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(J. Moore).1. Introduction
1.1. Mars Exploration Rovers project and the importance of
mobility
In January 2004, two Mars Exploration Rovers
(MERs)1 – Spirit and Opportunity – landed on the ﬂoorS.
mmons.org/licenses/by-nc-sa/4.0/).
1 ARTEMIS – Adams-based rover terramechanics and mobility inter-
action simulator; CAD – computer-aided design; COUPi – controllable
objects unbound particles interaction; DEM – discrete element method;
DP – drawbar pull; MERs – Mars Exploration Rovers; MIT –
Massachusetts Institute of Technology; MMS –Mojave Martian simulant;
PD – packing density; RMG – robotics mobility group
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(Squyres et al., 2004a,b). The mission objectives included
exploration of the terrains and outcrops of the two sites,
using MERs to access key targets and the Athena Science
Payload to conduct remote sensing and in situ measure-
ments. With a science theme of “Follow the Water,” the
rovers sought evidence for the interaction of water with
crustal materials, both in surface and subsurface environ-
ments. At Gusev Crater, Spirit found evidence for carbon-
ates, opaline silica, and hydrated sulfate minerals, likely
generated in ancient fumarole or hydrothermal environ-
ments (Arvidson et al., 2010; Squyres et al., 2008). On
the plains of Meridiani, Opportunity discovered evidence
for sulfate-rich sandstones originally formed in shallow
lake environments and later reworked by wind and water
(Grotzinger et al., 2005). More recently Opportunity has
explored the rim of the ancient 22 km wide Endeavour Crater
and found evidence for clay minerals formed in rocks that
predate the crater, providing evidence for early warm, wet
conditions with only mildly acidic and non-oxidizing con-
ditions (Arvidson et al., 2014a). These conditions would
have been suitable for life. None of these discoveries would
have been possible without the ability to traverse from
place to place, much as a ﬁeld geologist would do to unrav-
el the geologic history and paleoenvironmental conditions
for a terrestrial sedimentary or volcanoclastic rock record.
Before becoming embedded in sands at the Troy site and
losing contact, Spirit traversed 10 km from 2004 until
2010 (Arvidson et al., 2010). Opportunity has traversed
39 km across the plains of Meridiani and the rim of
Endeavour and is presently heading toward an extensive
outcrop of smectite clays, identiﬁed using hyperspectral
imaging capabilities on the Mars Reconnaissance Orbiter.
1.2. MER mobility challenges and their impact on Mars
exploration
Most traverses on Mars have not presented mobility
challenges for either Spirit or Opportunity. These six-
wheel-drive rovers with rocker-bogie suspension systems
have proven to be capable explorers, crossing soil-
covered plains strewn with embedded and surface rocks,
with wheel sinkages measured in a couple centimeters
and rover-based three-dimensional (3-D) slip, measured
using visual odometry, ranging from a few percent to
15% (Maimone et al., 2007). Both rovers have been
able to climb rock-covered slopes of 15–20 without
diﬃculty. There have been occasional problems. Oppor-
tunity experienced high wheel sinkage and rover-based
slip while trying to cross wind-blown ripples (Zhou
et al., 2014), and Spirit had mobility diﬃculty crossing
highly deformable sulfate-rich sands (Arvidson et al.,
2010). In some instances, wheel slip approached 100%
for both rovers (Sullivan et al., 2011).
For Opportunity, the egregious situations occurred
when all six wheels were on the ﬂanks of ripples and the
rover was attempting an ascent. The soil was highlydeformable, and the rear wheels, carrying most of the load,
were subject to high sinkage, increased compaction resis-
tance, and increased slip. The front wheels, because of their
decreased load, were unable to help the rover up and over
the ripple ﬂank, which led to incipient embedding events
and cessation of forward motion (Arvidson et al., 2011).
Backing out took a number of attempts, and increased care
was then given to avoid driving the rover up and over rip-
ple ﬂanks. Instead, ripples were crossed where the ﬁeld had
gaps or the ripples were small.
Once Spirit crossed the hard pack soil and embedded
and strewn rocks of Gusev plains and moved onto the
Columbia Hills, traversing became occasionally problemat-
ic. The main mobility issues occurred while traversing
locally low regions where high deformable sulfate-rich soils
have accumulated. These soils, buried beneath a thin cover
of basaltic sands, were not discernable when planning the
traverse. The rover’s wheels underwent signiﬁcant sinkage
(5–10 cm) while crossing these areas, thus increasing
compaction resistance and slippage. Having occurred at
Paso Robles, this problem precluded a traverse beyond
the Tyrone area. High sinkage events became par-
ticularlyproblematic when Spirit’s right front-wheel-drive
actuator failed and the rover dragged the wheel during its
traverses, leading to a ﬁnal embedding event in the Troy
area, when the rover entered a shallow 8 m wide, sulfate-
sand-ﬁlled crater named Scamander. The left side of the
rover tilted in the crater, and the left wheels became embed-
ded in the sand. Maneuvers to extricate the rover were not
successful, and in March 2010, communications with Spirit
were lost as winter season approached and power became
reduced for this solar-powered vehicle (Arvidson et al.,
2010).
1.3. MER mobility modeling needs and approach
Opportunity’s incipient embedding events during its
attempted ripple crossings and the problems encountered
by Spirit during its traverses across highly deformable
sulfate-rich sands revealed that our ability to model
wheel-soil and rover mechanical interactions with soil-
covered terrains needed signiﬁcant improvements. More
testing was needed to understand the dynamics of inter-
actions, as well as how to traverse without embedding
or how to extricate a rover once high sinkage and
embedding occurred. These events led to increased
checks during traverses for incipient embedding events,
including monitoring rover-based slip using visual odo-
metry, together with rover tilts and movements that
led to extreme bogie and rocker joint angles.
When Spirit became embedded in Scamander Crater, an
extensive set of sandbox tests were conducted with the engi-
neering rover model to replicate the Mars soil conditions
aﬀecting Spirit’s mobility. Considerations related to diﬀer-
ences between Earth and Mars gravity and an extensive tri-
al-and-error approach to deﬁning appropriate soil
properties were time-consuming and had a high degree of
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extricate Spirit. The experiences gained in trying to
extricate Spirit from Scamander Crater and the eﬀorts to
overcome the challenges of MER high wheel slip and
sinkage conditions demonstrated the need for realistic
simulations of rover-terrain interactions. Rover/terrain
simulation capability would also provide engineers a tool
to assess a rover’s expected mobility as part of the traverse
planning process, estimate soil properties, and examine
scenarios to overcome mobility challenges caused by high
slippage and sinkage conditions. To meet this need the
ARTEMIS (Adams-based Rover Terramechanics and
Mobility Interaction Simulator) was developed for the
MER using classical wheel–soil interaction models for
deformable soils (Zhou et al., 2014).
The MER ARTEMIS includes the ability to traverse
realistic terrain models that include digital elevations and
positionally dependent soil properties (Zhou et al., 2014).
Wheel–soil interactions are modeled using classical ter-
ramechanics equations that are based on pressure sinkage
relationships that lead to compaction resistance and pres-
sure shear displacement relationships that lead to slip
(Wong, 2001). Comparison of model and test data (single
wheel and rover-based data) showed reasonable confor-
mance except at high sinkage and slip conditions.
ARTEMIS is now used for both Opportunity and Mars
Science Laboratory’s Curiosity rovers to model traverses
across terrains for path planning, for analysis of anomalies
encountered (e.g., was the high wheel actuator current due
to drive geometry or aging actuator for Opportunity), and
for retrieval of terrain properties (Arvidson et al., 2014b).
ARTEMIS cannot be used to simulate complete embed-
ding in deformable soils because of the limitations of
classical terramechanics.
When deciding how to model soil and bedrock inter-
actions with the MER wheels, ARTEMIS developers
considered using ﬁnite element models, discrete element
method (DEM) models, classical terramechanics models
(for soils), and Coulomb friction contact models for
bedrock. The decision to use classical terramechanics
models and Coulomb friction for ARTEMIS was based
on the need to have a model that could run quickly
for use in planning tactical traverse drives and one for
which inertial forces could be ignored (Zhou et al.,
2014). To improve the simulation accuracy of ARTEMIS
under high slip/high sinkage mobility conditions it was
decided to examine the possibility of using the results
of a DEM model to simulate single-wheel MER mobi-
lity. To this end, DEM simulations were done for a
series of single-wheel mobility tests conducted at the
Massachusetts Institute of Technology’s Robotic
Mobility Group (MIT RMG) and compared with the
MIT RMG test data. A previous use of the DEM to
simulate the MER wheels excavating trenches and for
scuﬀ tests demonstrated that this model has the potential
to accurately represent MER wheel performance (Knuth
et al., 2012).2. Classical terramechanics modeling of vehicle mobility and
its limitations
Classical terramechanics models of the mobility of
wheeled and tracked vehicles in oﬀ-road scenarios are
based on fundamental concepts of soil mechanics. Semi-
empirical equations are used to predict diﬀerent mobility
aspects, such as compaction resistance, traction, drawbar
pull (DP), sinkage, and driving torque (Bekker, 1969;
Wong and Reece, 1967a, 1967b). Common measures of
mobility are DP and sinkage of a wheel at deﬁned wheel
slip ratios. Deﬁned as the net longitudinal force of a wheel,
DP is calculated as the wheel thrust plus the sum of the
tractive force from each wheel cleat minus the resistance
force. Wheel sinkage is the depth that a rover wheel sinks
while driving through soil. Sinkage can be the result of
compaction and/or shear failure of the soil under the wheel
or excavation of soil from wheel digging for wheel slip
ratios greater than 0.0. The wheel slip ratio (i), or wheel
slip, is deﬁned as
i ¼ 1 v
rx
ðv < rx; drivingÞ ð1Þ
i ¼ rx
v
 1 ðv > rx; breakingÞ ð2Þ
where v is the wheel’s forward velocity, x is the wheel’s
angular velocity, and r is the wheel radius. Slip values
can vary from 1 when the angular velocity is zero, to 1
when the forward velocity is zero (Zhou et al., 2014).
The semi-empirical approach of ARTEMIS is able to
achieve reasonable correlation with laboratory tests of
wheel mobility for wheel slip ratios of up to 0.6 through tri-
al and error tuning of variables. For wheel slip ratios above
0.6, it becomes increasingly diﬃcult to replicate wheel
mobility performance as deﬁned by wheel sinkage and
DP. Two possible reasons for this may be that the simpli-
ﬁed theoretical assumptions of wheel–soil interactions for
classical terramechanics models begin to break down at
high slip, or the soil properties at high slip are not well rep-
resented by traditional bevameter measurements. Details of
the terramechanics models used to develop ARTEMIS are
described in Zhou et al. (2014) and Iagnemma et al. (2011).3. DEM simulations for high slip MER wheel mobility
A possible way to improve the ability of ARTEMIS to
model high wheel slip mobility conditions, which are the
most hazardous to MER mobility, is to use DEM simula-
tions of rover wheel interactions with soil to construct a
library of wheel performance parameters for the simulator.
In this study, the COUPi (Controllable Objects Unbound
Particles interaction) 3-D DEM model (Nye et al., 2014),
using tri-sphere particles, was used to simulate sinkage
and DP for a series of laboratory MER wheel mobility per-
formance tests conducted for i = 0, 0.1, 0.3, and 0.5 to
determine the DEM best-ﬁt parameters to represent the
measured data. The DEM model was then used to predict
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0.99.
Previous studies of a MER wheel digging test and a
Mars in situ scuﬀ test (i = 1) using a 3-D DEM demon-
strated that quite reasonable agreement between test data
and DEM simulation results could be achieved (Knuth
and Hopkins, 2011; Knuth et al., 2012). Simulation results
from these studies (Knuth and Hopkins, 2011; Knuth et al.,
2012) indicate that particle shape is extremely important in
replicating experimental data. Using spherical particles to
represent the granular media was not adequate to accurate-
ly replicate wheel sinkage and torque. Improved agreement
between simulation and experiment occurred when DEM
soil particle-shape complexity was increased by using
ellipsoid and poly-ellipsoid particle shapes. The DEM
simulations of MER wheel scuﬀ tests using poly-ellipsoidal
and polyhedral particle shapes further improved agreement
between simulation and experiment (Knuth and Hopkins,
2011). Improved agreement between DEM simulations
and test data with increased particle shape complexity
occurs because the irregularly shaped DEM particles
interlock with each other. Particle interlocking constrains
particle rotation, interparticle contact sliding mechanisms,
and the magnitude of bulk dilation that can produce
increased soil resistance and strain softening (Matsushima
and Chang, 2011), which replicates the way that soils
actually deform and fail.
4. MIT mobility laboratory experiments
The Robotic Mobility Group at MIT designed and
fabricated a multipurpose terramechanics rig based on
the standard design described by Iagnemma et al. (2005).
The test bed pictured in Fig. 1 is composed of a Lexan soil
bin surrounded by an aluminum frame where all theFig. 1. MER wheel mobility test apparatus at the MIT mobility
laboratory.moving parts, actuators, and sensors are attached. A car-
riage slides on two low-friction rails to allow longitudinal
translation, while the wheel or track, attached to the
carriage, is able to rotate at a desired angular velocity.
The wheel mount is also able to translate in the vertical
direction. This typical setup allows control of slip and
vertical load by modifying the translational velocity of
the carriage, angular velocity of the wheel, and applied load.
A 6-axis force torque ATI Omega 85 transducer is
mounted between the wheel mount and the carriage to
measure vertical load and traction generated by the wheel.
Finally, a ﬂange-to-ﬂange reaction torque sensor from
Futek (TFF500) is used to measure driving torque applied
to the wheel. Control and measurement signals are handled
by a NI PCIe-6363 card through Labview software. The rig
is capable of approximately 1 m of horizontal displacement
at a maximum velocity of approximately 120 mm/s with a
maximal wheel angular velocity of approximately 0.7 rad/s.
The bin width is 0.6 m, and the soil depth is 0.16 m.
Considering the wheel sizes and vertical loads under study,
these physical dimensions are suﬃcient for eliminating
boundary eﬀects.
For the experiments described in this paper, Mojave
Martian Simulant (MMS) was employed as a test medium
(Beegle et al., 2007). This simulant is a mixture of ﬁnely
crushed and sorted granular basalt intended to mimic, both
at chemical and mechanical levels, the soil characteristics of
Mars. The MMS particle-size distribution spans from
microns to millimeters, with 80% of particles above the
10 lm threshold. Soil strength properties were measured
from direct shear tests. Experimental test parameter data
are presented in Table 1 (Senatore and Iagnemma, 2011).
Tests were conducted with a MER spare ﬂight alu-
minum wheel of approximately 0.13 m radius and 0.16 m
width with 5 mm cleat extensions. A section of the wheel
contains a reinforced recess that was used to hold the
MER on a base platform during ﬂight (tie-down patch).
The MER wheel cleats and tie-down patch can be seen in
Fig. 1. A single test series was conducted with a vertical
wheel load of 110 N for wheel slips of 0.0, 0.1, 0.3, 0.5,
and 0.7. During the experiments, the angular velocity of
the wheel was held constant (0.3 rad/s), while longitudinal
velocity was varied for each slip level, according toTable 1
Experimental test parameters.
Parameter Value
MER wheel test data
Diameter 0.13 m
Width 0.16 m
Nominal rotation rate 0.3 rad/s
Normal load 110 N
Wheel slip 0, 0.1, 0.3, 0.5, 0.7
MMS property data
MMS nominal packing density 0.6
MMS cohesion 600 Pa
MMS internal friction angle 35
Table 2
DEM MER wheel and particle test bed properties and test parameters.
Parameter Value
Wheel radius 0.13 m
Wheel angular velocity 1 rad/s, 2 rad/s
Wheel normal load 110 N
Wheel slip 0, 0.1, 0.3, 0.5, 0.7, 0.9
Particle type Tri-sphere
Particle number 392,049
Particle density 2875 kg/m3
Test bed packing density 0.58, 0.60, 0.61, 0.62
Particle shear modulus 0.05 GPa
Interparticle friction coeﬃcient 0.3, 0.4, 0.5, 0.6, 0.7, 0.8
Internal friction angle 43
Apparent cohesion 8 kPa
Radius for circumscribed sphere 0.0039 m
Particle size distribution Monodispersed
Test bed domain size (x, y, z) 0.4 m  1.0 m  0.5 m
Fig. 2. Setup for the MER wheel simulation showing the seven DEM
layers that make up the test bed and a view of the tri-sphere particles (refer
to Table 2 for dimension and particle data).
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the MER wheel attained a steady state in DP and sinkage,
at which point the data were averaged over the interval of
measurement under steady-state conditions.
5. COUPi DEM simulations
5.1. DEM models and their constraints
Interest is increasing in the use of DEM models to
improve the physical representation of oﬀ-road vehicle
mobility in conditions where classical terramechanics mod-
els have diﬃculty (Li et al., 2012; Lichtenheldt and Scha¨fer,
2013; Nakashima et al., 2010; Smith and Peng, 2013; Smith
et al., 2014; Wang et al., 2011). These studies have demon-
strated that even 2-D DEM simulations with relatively sim-
ple particle geometries can provide useful qualitative
representations of oﬀ-road vehicle mobility. The studies
also indicate that the ability to develop quantitative
DEM representations of oﬀ-road vehicle mobility improves
in direct proportion to the degree that micro-scale proper-
ties and processes known to be important to the mechani-
cal behavior of soils are included in DEM simulations.
Micro-scale properties and processes that aﬀect soil
mechanical behavior include interparticle contact friction
and cohesion, particle interlocking, packing density (PD),
particle crushing, particle size and shape distribution, and
particle rearrangement (Cheshomi et al., 2009; Cho et al.,
2006; Das, 2007; Shinohara et al., 2000; Zelasko et al.,
1975). Particle shape is one of the major contributing fac-
tors to the mechanical behavior of granular media along
with particle PD (Das, 2007). Classical soil mechanics deals
with macro-scale soil parameters such as internal friction,
cohesion, bulk density, compaction, and other soil proper-
ty descriptors that lump micro-scale properties and
processes together. The DEM attempts to simulate
micro-scale properties and processes in a way that the
macro-scale behaviors emerge from simulations.
Due to computational requirements and modeling com-
plexity, many DEM models include few of the diﬀerent
micro-scale properties known to aﬀect soil mechanical
behavior. Examples include utilizing spherical particles for
computational eﬃciency (Smith et al., 2014), adjusting par-
ticle density to achieve a reasonable bulk density but not
PD, using uniform particle-size distributions, and using
2-D models to simulate 3-D processes. A comprehensive
examination of how closely a DEMmodel needs to replicate
the micro-scale features of a target granular aggregate has
yet to be done. COUPi DEM simulation models have simi-
lar constraints, although we continue to add capability,
needed to adequately model the behavior of granular
aggregates (Nye et al., 2014). In this study, we extended
the parameter space for COUPi simulations of the MMS
used in the MER wheel performance test to include
interparticle friction, PD, and particle shape (Table 2).
Mono-dispersed tri-sphere particles with a circumscribed
sphere radius of about 4 mm were used to allow increasedparticle interlocking compared to spherical particles. The
use of polyhedral particles would further increase particle
interlocking, but are not yet fully implemented within
COUPi.
5.2. COUPi MER wheel simulations
COUPi DEM simulations of the MIT MER wheel per-
formance tests were done by ﬁrst importing a CAD repre-
sentation of the MER wheel into COUPi (using a module
that allows any CAD 3-D object to be imported in STEP
or STL format into a model). The wheel was then placed
on a bed of uniform-sized tri-sphere particles with
constant, speciﬁed PD as a function of depth (Fig. 2).
The uniform PD was created at speciﬁc values (Table 2)
by separately settling seven layers of randomly oriented
tri-sphere particles into a rectangular box using high inter-
particle friction to create an initially low PD. Starting from
the bottom layer, each layer’s interparticle friction was
reduced to a value that allowed further particle settlement
to the desired PD (Fig. 3). Once all layers settled to the tar-
get PD, the interparticle friction factor was set to equal the
value used in the various DEM simulation runs.
The MIT test conditions were replicated in the DEM
simulations by applying control functions to the wheel to
Fig. 3. Tri-sphere PD as a function of the interparticle friction coeﬃcient
used to create DEM test beds with speciﬁed uniform PD.
Fig. 4. Comparison of DEM simulation DP and sinkage for wheel
rotation rates of 1 rad/s and 2 rad/s.
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normal load for both tests and simulations was 110 N
(Tables 1 and 2). Constant slip tests were performed by
driving the wheel’s rotation at a constant speed while inde-
pendently driving the longitudinal (y-axis) motion of the
wheel. Most DEM simulations of the MER wheel used a
2 rad/s rotation rate to reduce computation time; for the
MIT tests, the wheel rotation rate was 0.3 rad/s. A single
DEM simulation, done at a wheel rotation rate of 1 rad/
s, was compared with an identical simulation done at a
rotation rate of 2 rad/s to ensure that inertia eﬀects did
not aﬀect the model results (Fig. 4).
6. Results and discussion
6.1. COUPi simulations of MIT MER wheel drawbar pull
and sinkage tests
High wheel slip conditions are of most concern in MER
tactical traverse planning, and classical terramechanicsmodels have diﬃculty accurately representing rover wheel
mobility in such conditions. To examine the mobility per-
formance of a MER wheel under conditions of high slip,
DEM simulations were done in two stages. In the ﬁrst
stage, DEM particle test bed parameters (PD and interpar-
ticle friction) were varied in simulations of the MIT test
data for i = 0, 0.1, 0.3, and 0.5 to determine the parameter
set that produced the best agreement between test data and
simulations. The initial parameter values for DEM particle
PD and friction factor were selected based on the proper-
ties of PD and friction angle of the MMS (Table 1) used
in the MIT tests. From these initial values, a range of PD
and friction factor values was used to ﬁnd the best agree-
ment between COUPi simulated results and MIT
experimental results (Fig. 5).
The second stage of analysis used DEM particle para-
meters from the best ﬁt of DEM simulations to MIT test
data for i = 0 through 0.5 to predict MER wheel DP and
sinkage at i = 0.7, 0.9, and 0.99 (Fig. 6). The MIT data
point at i = 0.7 was not used in determining DEM best-
ﬁt parameters.
For both wheel DP and sinkage, agreement between
DEM simulations and MIT test data improves with
increasing DEM particle bed strength, achieving a best ﬁt
for PD of 0.62 and an interparticle friction coeﬃcient of
l ¼ 0:8 (Fig. 5). Large diﬀerences in DP between MIT tests
and DEM simulations occur for wheel slips of 0 (275%),
0.1 (57%), and 0.3 (16%) that decrease with increasing
wheel slip. Diﬀerences between measured and simulated
DP for i = 0.5 and 0.7 are quite small at 2.2% and 6.1%,
respectively. Diﬀerences between simulated and measured
MER wheel sinkage are less than 25% except for i = 0.3,
which exceeds 50%.
The poor agreement between simulated and measured
DP at low slip is likely due to the variable shear stress proﬁle
as a function of deformation that occurs with granular
materials (Fig. 7). The stress ratio for JSC 1-A lunar simu-
lant as a function of strain measured using a geotechnical
tri-axial strength test cell (Arsian et al., 2010) is compared
in Fig. 7 with the stress ratio of the best-ﬁt DEM particle
bed used in this study. The DEM particle bed stress ratio
versus strain curves were obtained by simulating a geotech-
nical tri-axial strength test cell following the procedure of
Uthus et al. (2008) and Knuth et al. (2012). Data from
JSC 1-A are being used in this discussion, as we are unaware
of any available stress ratio versus strain data forMMS. The
concepts discussed from Fig. 7, however, apply to all soils.
Low wheel slip mobility engages soil deformation before
or near the soil’s peak shear strength; this is evidenced by
the increase in DP with wheel slip until i = 0.3. The DP
remains relatively constant from i = 0.3 to 0.5 and then
increases slightly from i = 0.5 to 0.7 (Fig. 6). The increase
in DP for low wheel slip occurs as the soil stress increases
with strain until reaching the soil’s peak stress. A constant
or slightly increasing DP at higher wheel slip results from
the wheel engaging the soil’s residual strength as soil under-
goes large strain (Figs. 6 and 7).
Fig. 5. Average DP (a) and sinkage (b) as a function of wheel slip for MIT tests and DEM simulation results with diﬀerent particle PDs and interparticle
friction coeﬃcients.
Fig. 6. Drawbar pull (a) and sinkage (b) as a function of wheel slip for MER wheel mobility MIT test data and DEM simulations.
Fig. 7. Measured shear stress ratio – axial strain for JSC 1-A and for
DEM simulated tri-sphere particles.
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mobility in soil depends on how similar the DEM particle
bed shear stress ratio–strain curve is to that of the soil. The
rise in the soil shear stress ratio to its peak value is a result
of interparticle contact friction and soil dilation that con-
tinues expanding until interlocked particles start sliding
past each other at a reduced shear stress. The degree that
particles interlock, which depends on soil particle angu-
larity and shape and bulk soil density, determines how
rapidly the stress ratio will rise as a function of strain toits peak (Roscoe et al., 1958). To compensate for the lack
of angularity in DEM particles, the model’s interparticle
contact friction is increased to achieve the required peak
shear strength. This increase can result in a diﬀerence in
deformation strain at peak shear strength between the
DEM particle bed and the soil (see Fig. 7) and can adverse-
ly aﬀect the accuracy of DEM simulations of low wheel slip
mobility compared with test data.
High wheel slip mobility engages residual soil strength,
which evolves to a relatively constant value with increasing
strain as the primary source of resistance. A DEM particle
bed also evolves to a relatively constant residual strength
for large strain, high wheel slip mobility. When DEM par-
ticle bed residual strength is similar to that of the test soil,
the accuracy of DEM simulations of MER wheel mobility
test data should improve, as is observed in the current
analysis.
The DEM model predicts that MER wheel DP and
sinkage will increase signiﬁcantly for i = 0.9 and 0.99,
compared with results for MER wheel slip values of less
than 0.5 (Fig. 6). Increased sinkage magnitudes are likely
due to the high rate of excavation from MER wheel
cleats, resulting from the low forward velocity of the
MER wheel compared with its rotation rate (Fig. 8, 0.9
slip ratio). Sinkage for all MIT tests and for DEM
simulations up to i = 0.9 of MER wheel mobility reached
steady state. At i = 0.99, DEM simulations indicate that
Fig. 8. Particle contact forces in the DEM soil and sinkage for the MER wheel as a function of slip.
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progression of the MER wheel into the undisturbed par-
ticle bed is too slow to compensate for the rate of excava-
tion by the wheel.
The large increase in DP predicted for the MER wheel
with iP 0.9 occurs as the wheel surface contact area with
the DEM particle bed increases dramatically as sinkage
increases.
7. Conclusions
COUPi 3-D DEM simulations of MIT MER wheel
mobility tests accurately represented MIT test data for
wheel DP and sinkage for wheel slips of 0.5 and 0.7. Agree-
ment between DEM simulations of MIT wheel mobility
test data for wheel slips of 0, 0.1, and 0.3 improved as
DEM particle bed PD and interparticle friction were
increased to produce a stronger DEM particle bed. The
remaining diﬀerences between DEM simulations and
MIT test data for MER DP and sinkage for wheel slips
of 0. 0.1 and 0.3 are attributed to the tri-sphere particles
of the DEM particle bed, which cannot produce the strong
particle interlocking of the angular MMS particles. As a
result, at low slip (i.e., low soil shear strain/displacement),
the shear stress for MMS rises more rapidly as a functionof shear displacement/strain than it does for the DEM par-
ticle bed, until reaching the MMS peak shear stress. At low
wheel slip, this rapid rise in soil sheer stress with strain pro-
duces a higher magnitude DP in the MIT tests compared
with the DEM simulations.
For shear strain/displacements that are exceeded at peak
shear strength (wheel slipP0.3), both the MMS and DEM
particle bed shear strength decreases to a residual value
where it is controlled by interparticle friction rather than
particle interlocking. This includes wheel slip values of
0.5 and 0.7, where DEM simulations and MIT test data
are in reasonable agreement for DP and sinkage. The
DEM simulation of wheel slips of 0.9 and 0.99, where no
data exist, produced signiﬁcantly higher DP and sinkage
than seen at i = 0.5 and 0.7 for DEM simulations. We
hypothesize that the higher values of wheel sinkage are
caused by excessive excavation of particles that occurs
because of the low forward velocity of the wheel for
i = 0.9 and 0.99. As wheel sinkage increases in high wheel
slip conditions, the area of contact between the wheel sur-
face and soil increases in proportion, producing larger DP
than would occur in lower wheel slip conditions, which
produce much smaller values of sinkage.
Three-dimensional DEM simulations are required to
represent MER wheel mobility in order to capture in a
J.B. Johnson et al. / Journal of Terramechanics 62 (2015) 31–40 39realistic way the inﬂuence of cambered wheel and tie-down
patch geometries on mobility. The DEM simulation accu-
racy of low-slip MER wheel mobility performance can be
improved by using a DEM particle bed made of angular
polyhedral particles with a broader range of particle sizes
than was used in the current study (Knuth et al., 2012;
Knuth and Hopkins, 2011). The larger range of particle
sizes allows for the creation of DEM particle beds with
PD that is more representative of soils.
The relatively good agreement between DEM simula-
tions of MER wheel mobility test results at wheel slips of
0.5 and 0.7 and the ability to predice DP and sinkage at
wheel slips of 0.9 and 0.99 indicates that DEM simulations
of MER wheel mobility can improve ARTEMIS capa-
bilities to simulate tactical MER traverses.
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